The Effects of Cyclopropane and Halothane on the
Biosynthesis of Norepinephrine in Vivo:
Conversion of ¥C-Tyrosine to Catecholamines

S. H. Ngai, M.B.,* N. H. Neff, Ph.D.;f E. Costa, M.D.%

The rate of in oivo synthesis of norepinephrine
(NE) in the heart and the brain was estimated in
rats. *C-Tyrosine was infused intravenously at a
constant rate for various time periods up to one
hour. Measurement of plasma tyresine and tissue
NE and their specific activities allowed the caleu-
lation of fractional rate constant and rate of syn-
thesis of NE, an open singl
ment system in a steady state. Light anesthesia
with 15 per cent cyclopropane or one per cent
halothane in 25 per cent oxygen did not alter the
NE level, fractional rate constant or rate of NE
synthesis in the heart. Halothane significantly re-
duced the fractional rate constant of NE in the
brain, but the rate of synthesis did not change.
Cyclopropane and halothane appeared not to af-
fect the enzyme systems concerned with NE
synthesis.

WE HAVE REPORTED that cyclopropane and
halothane do not appear to affect the uptake
and release of norepinephrine (NE) by pe-
ripheral adrenergic nerves.! In the present
study we examined the effect of anesthetics on
the biosynthesis of NE in vivo.

In man cyclopropane elevated the plasma
levels of NE23 Li et alt reported that in
dogs cyclopropane increased the myocardial
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NE content. The increase was quite marked,
ranging from 41 per cent in the right atrium 3
to 110 per cent in the right ventricle after three 3
hours of anesthesia. The source of NE for o
such an increase is of interest. One possi- 3
bility is that NE, being released from the “3\’
adrenal medulla, carried by blood, is taken up &
by the adrenergic nerves. The adrenal me- g
dulla could provide the NE if cyclopropane
does indeed cause a release from it.

Another possibility is that cyclopropane
could accelerate the synthesis of NE or inter- 5
fere with its degradation. Intraneuronal deg- ¢
radation of NE depends upon monoamine oxi-
dase (MAO). Studies of serotonin metabolism £
indicated that in rats MAO activity is not in- =
hibited by anesthesia.® Catechol-O-methyl- ©
transferase (COMT) is believed to inactivate @
catecholamine (CA) extraneuronally. While
COMT inhibition may prolong the action of
released NE, it is not expected to increase the S
tissue NE levels® Therefore, it seems relevant &
to study the cffects of anesthetics, particularly
cyclopropane, on NE synthesis. ©

A method to measure the rate of NE syn-
thesis in vivo has been developed. Following 3
intravenous infusion of #C-tyrosine (the radio- .8
active precursor of CA), plasma tyrosine and
tissue NE levels and their specific activities
were determined. From these the fractional 5
rate constant and the synthesis rate of tissue%
NE can be calculated.”

Methods

Male Sprague-Dawley rats, each weighing
about 200 g, were fasted for 16 hours before @
the experiment. The animals were placed in g
individual chambers as described in a previous S
paper.  Groups of four or more rats were an-
esthetized with 15 per cent cyclopropane or 1 R
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per cent halothane diluted with 25 per cent
oxygen—75 per cent nitrogen. The righting re-
flexes were abolished. After one hour of anes-
thesia, »*C-L-tyrosine (uniformly labelled, 365
mcuries/mM, New England Nuclear Corp.)
was infused intravenously at a constant rate of
50 pcuries/hr per animal for various time pe-
riods up to one hour. Control experiments
were done with animals breathing 25 per cent
oxygen—75 per cent nitrogen during **C-tyro-
sine infusion.

At the end of the infusion the rats were de-
capitated. Blood was collected in tubes con-
taining heparin. Brains and hearts were im-
mediately removed, rinsed in water, blotted
dry, and frozen for subsequent tyrosine and
NE assay. The plasma was also frozen until
analyzed for tyrosine.

Figure 1 outlines the procedures for the
separation and assay of tyrosine and catechol-

Tissue or plasma + 0.4N perchloric acid (2-6 volumes)
homogenize and centrifuge

3 ml supernatant + 6 m! 0.5M tris buffer*
+ 1 g alumina, pH 8.3, hand shoken

for 10 minutes, centrii
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amines. Details have been reported e]se\vhcre.'g
Tyrosine was assayed according to the mcthoj;
described by Udenfriend,s and NE according
to that of Brodie et al.® Aliquots of appropril
ate samples were counted for radioactivity i
Bray’s misture?® with a liquid scintillatios
spectrometer (Packard Instrument Co.). Stan::.'
dards of ¥C-labelled tyrosine and NE wert.&
carried through the entire procedure. The rew
covery of tyrosine was about 95 per cent amg;’
that of NE, 60 per cent. Counting eﬁicxenc;&'
was determined by intemal standard (“Ca
toluene 23 A, specific activity, 4.36 X 10::
dpm/ml). The specific activities of NE were:
corrected for the loss of one carbon atom \vhexﬂ
the labelled tyrosine was converted to NE. %

Portions of the Rexyn column eluate co 3
taining tyrosine were freeze-dried. The resi
was restituted in 0.1 N hydrochloric-acid and
the purity of tyrosine determined by papeg

Uk

[OtS

fuge

Supgrmlnnl ——— Count for radicactivity
{0.5ml)

5 mi to Rexyn 102 (H) column, 50 mm x 78.5 mm?

15t 2.5 ml, discard

. h
2nd 2.5ml + 5 ml HyO wasl Assay for

tion’

Count for redioac-
tivity (0.5 ml)

Assay for tyrasine (1.5 ml),
1-nitrasa-2=naphthol reac-
tion

Freeze-dry, poper chromatography
1-butancl: acetic ocidiwater

(120:30:50)

Fic. 1.
Alumina (Woelm neutral, grade 1) was
200400 mtsh, according to Pisano,”
Bertler et al**  Appropriate standards
the extraction efficiency.

Xr

Dow:

'nhydioxgndolz reac—

Qutline of procedures for e.\trm.uon,
epared as described by

U
Alumina, wash twice with water

Elute with 3ml 0.2N ocetic acid

[

NE{0.75m!)*  2m! 1o Dowex 50X4 (H) column,20 mmx 20

3
o
¥20Z Yose €} uo 3sanb Aq 4pd G1L000-00020696 L'Z1790000/96’7882/99/L/LE/}Pd'QIG!UEMUU

—— effluent, discard

5ml 0.1N No-
acetate buffer ———

o6

—— Discard (DOPA)

= Discord

5 ml 0.4N hydro= —=
chloric acid

10 ml 0.4N hy- ——
drochloric ocid

— frecze-dry, count for
redioactivity (NE)

separation and assay for tyrosine and NE.
Crout,”® Rexyn 102 (H),

ex 50 NA(H), 200400 mesh, according to

“cre added at steps marked with asterisks to determine
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chromatography. Two radioactive compounds
were found as described by Lewander and
Jonsson,$ tvrosine (Re= 0.45) and an un-
known material (R,=0.21). Specific activi-
ties of plasma and tissue tyrosine have been
corrected for the pr of this cc i
Calculations for the fractional rate constant
(k) and synthesis rate of NE are based on the
assumption of an open single-compartment sys-
tem. Derivation of cquations for such a model
system has been described.? Briefly, when #C-
tyrosine is infused intravenously at a constant
rate, the plasma tyrosine specific activity [T]
would be expected to change with time as

dlT]

= = A = kilT]
where A is the apparent rate of increase in
tyrosine specific activity in the plasma com-
partment, kg, the fractional rate constant of
plasma tyrosine and t, duration of infusion.
On integration and imposing the condition that
[T] =0 at time zero equation (1) becomes

m

[T1= (- @
kr

With an open single-compartment system in
a steady state where the amine levels presum-
ably are maintained by equal rates of forma-
tion and eflux, the change in tissue radioactive
NE(NE®) with time would be related to 14C-
tyrosine (T°):

i At

dXET kiT* — kxeNE*

dt
where kyg is the fractional rate constant of
tissue NE and k,, that of hydroxylation of tyro-
sine, the ratelimiting step in NE synthesis.?®
1t is assumed that a rapid equilibration exists
between plasma tyrosine and intraneuronal
tyrosine.

During steady state k,T must equal to
kyeNE if the levels of the two intermediaries
in the biosynthesis of NE (DOPA and do-
pamine) are negligible and their fractional rate
constants are greater than k). Upon substitu-
tion and integration

3

[XE]
= ‘_\ { 1 +__I_( ch_*NE‘ — k\-ge_"") l
kr kxe—kr : |

@
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Fic. 2. Relationship between NE specific ac-
tivity and fractional rate constant of NE (kse)
after intravenous infusion of “C-tyrosine at 50 pe/
hr for one hour. Solid line is for control experi-
ments and dashed line, during cyclopropane or
halothane anesthesia.

is obtained, where [NE] is the specific activity
of NE, and ecqual to zero at time zero. [NE]
is measured. The apparent rate of change in
plasma tyrosine specific activity, A, and ky are
calculated from equation (2). Time of infu-
sion, t, is known. From these kyg can be de-
rived. In practice a graph can be constructed
to express the relationships between [NE] and
kyg for one hour of C-tyrosine infusion
(fig- 2).

Anesthesia was found to change the frac-
tional rate constant of plasma tyrosine, kr.
Therefore, the relationship between [NE] and
kyg for anesthetized animals is slightly differ-
ent from that of controls (fig. 2).

The rate of NE synthesis is obtained by
multiplying the steady NE level with kyy. For
example, if the brain NE level is 044 pg/g
and the kyg, 0.25 hr*, the rate of NE synthesis
is 0.44 X 0.25 =0.11 pg/g/hr. The turnover
time, the period required for the complete
turnover of tissue NE store, would be NE
level/synthesis rate, in this example, 0.44/
0.11 =4 hours.
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Fic. 3. Increase of the plasma tyrosine specific
activity during *C-tyrosine infusion (30 pe/hr) in
control animals. Each value is the mean = SE
from at least five animals. The curve represents
the best-fit values according to equation (2).

Students’ ¢ test was used to assess the dif-
ference between control and experimental
values.

Results

Intravenous infusion of '4C-tyrosine at the
rate of 50 pcuries/hr produced a curvilinear
increase in plasma tyrosine specific activity,
[T]. Figure 3 shows the results from control
animals breathing 25 per cent oxygen during
the infusion. Solution of equation (2) is

120 dpm/mgmole/min (1 = cOvImin),
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where 120 dpm/mymole/min is the apparent
rate of increase of tyrosine specific activity i@
the plasma compartment, A, and 0.047/mig
equals the fractional rate constant of plasm@
tyrosine, ky. In animals anesthetized with cy
clopropane or halothane, solution of equatiof
(2) from measured values of [T] at variouf
times gave a ky of 0.042/min. Accordingly-{
the average lifetime for a plasma tyrosme
molecule is about 21 minutes in control aniy
mals and 24 minutes in anesthetized animals. §,

Halothane and cyclopropane anesthesia fo?;
up to two hours (one hour prior to and onQ
hour during infusion) did not change thg,;
plasma and tissue levels of tyrosine. Specifig’
activities of plasma and heart tyrosine wer§
significantly higher during anesthesia, but iny
the brain the specific activities of tyrosine wer§
similar to those in control animals (table 1). ;f

Table 2 presents the mean NE level in th@
heart, its specific activity, fractional rate cong
stant (kyg), synthesis rate and turnover timg
in control and anesthetized animals. NE levelg:
and specific activities were measured after on@
hour of *#C-tyrosine infusion. The amine levefy
increased slightly during cyclopropane anes®
thesia but the change was not statistically sig=
nificant (P > 0.05). Cyclopropane and ])alog
thane did not affect kyg or the rate of Nl‘%
synthesis. It takes about 20 hours for the myog
cardial NE stores to turn over under controg
conditions and during anesthesia.

In the brain cyclopropane again did not apm
pear to change the kyg and the synthesis mtq
of NE significantly. The NE specific activityg
during halothane anesthesia was less than thaS

opeB|

Y= o)

= . ~
[T] 0.047/min of control. Accordingly, kyy decreased. Thtg
i
o
TabLe: 1. Plasma and Tissue Tyrosine Levels and Specific Activities Following #C-Tyrosine Infusion* 3
o
Plasma Heart Brain 8
=3
o
Specific Specific | SDecific Specific Spesifi -
Level Activity Level | Activity ARy 1 Level Activiey | Aghivity, @
(ug/ml) (dpm/ (pg/ml) pm/ Heart/ (pg/ml) [G! Bmin/ 3
mymole) istaeie Plaama mpmole) Plasma * =
Control (7) 11.8 19.0 1,258 17.2 1,030 05t °
L 08T +1.14 =383 =107 =0043 3
Halothane (8) 11.1 7.2 1.656 148 042
= 0.46 +0.66 8511 +051 2003 Z
Cyelopropane (S) 112 187 T.601 164 oz D
wa =10 +0.96 =+ 84t =+ 117 2= 0.0t o
=
N
* Valuesare means = SE. 4C-Tyrosine wasinfused intravenously at a rate of 50 ue/hr for one hour. =1
Numbers of animals areindicated in parentheses. §

=P <0.05,1P < 0.02andtt P < 0.01 when compared with controls.
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o
Tanei 2. The Effects of Cyclopropane and Halothane on the Tleart NE Level and Synthesis in Rats* g
3
NE Level Specific Activity ksk Synthesis Rate Turnoever Thue g
(ue/e) {dpm /mamole) thr™1) (ps/r/hr) (ur} =3
Control (8) 1.11 % 0.07 SI 8 0.052 & 0.005 | 0.057 == 0.005 | 21.15 £ 2.85 i
Halothane (6) 1.13 £ 0.06 E3ER 0.048 = 0.005 + 0.005 [ 21.98 = 2.00 g
Cyclopropane (7) 1.25 = 0.08 S3 46 0.046 == 0.003 | 0.057 £ 0.004 | 2226 % 1.70 S
g

* Values are mean == SE, obtained after two hours of anesthesix and one hour of BC-tyrusine infusion;

(30 pe/hr).

Numbers of animals are indicated in parentheses.

Tapre 3. The Effeets of Cyclopropane and Ialothane on Brain NE Level and Synthests in Rats*

NE Level Spwcifie Activity ksE Synthesis Rate Turnover Time
(uzz/1) (dpm/mptole) (hr=1) {srz/ez/hr)
Control (7) 0.44 = 0.017 0.25 == 0.014 0.11 == 0.006 | 4.16 == 0.30
Halothane (8) 0.51 = 0.022%* 0.18 =+ 0.017 | 0.09 = 0.006 | 5.82 & 0.56**
Cyclopropane (8) [ 0.50 = 0.03 368 + 18 0.22 % 0.01 0.11 =% 0.01 4.64 2= 0.24

* Values are mean == S.E., obtained after two hours of anesthesia and one hour of #C-tyrosine in-

fusion (30 pe/hr).
Number of animals in parentheses.

** P < 0.05 and t P < 0.02 when compared with controls.

NE level increased with borderline significance
and the rate of synthesis (product of NE level
and kyg) was about the same as that of the
control group (table 3).

Discussion

The calculation of NE synthesis from %C-
tyrosine couversion assumes an open single-
compartment system for NE formation and
cfflux in adrenergic nerves. Efftux includes re-
lease and degradation. According to this hy-
pothetical model, if the tissue NE level does
not vary during the peried of observation, the
amount of NE synthesized must equal the
amount degraded or released. The model also
assumes that the newly-formed NE is being
handled in the same manner as that already
present in the store, that is, uniformly dis-
tributed in a single pool. The validity of this
hypothesis has been discussed in another pub-
lication.s Fractional rate constant and synthe-
sis rate of NE in the brain and the heart esti-
mated with this method closely approximate
those obtained with other techniques. These
include the use of o-methyl tyrosine or tracer
doses of radioactive NE. By applying the
principles of steady-state kinetics, the rate of
NE synthesis has been measured from the rate
of decline of NE levels after administering

0]01SOY}SaUR/WI0D" IBYDISA|IS ZBSE]/
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amethyl tyrosine, a tyrosine hydroxylase in-8
hibitor, or from the rate of decline of NE spe-&
cific activity after injecting a tracer dose of=
radioactive NE.? 26 &
The methods using radioactive NE or o3
methyl tyrosine are not considered suitable forR
the present study. Both require large num-&
bers of animals and long periods of observa—§
tion, at least eight and preferably 24 hours, asg
the turnover time of heart NE is approximatelys
20 hours. It would be impractical to mainmin;—{_;
a reasonably physiclogic state under anesthesia®
for such a duration. g
The utility of the method with 1C-tyrosineS
has been tested with experimental conditions'g
known to change the synthesis rate of NE. InSQ
rats chronic treatment with a MAO inhibitord'
(pargyline) elevates tissue NE levels. Throughs
feedback inhibition of tyrosine hydroxylase,Z
NE is synthesized at a slower rate.!” Adrenal®
demedullation removes a source of catechol-&
amines in the periphery and increases the rateS
of NE synthesis in the heart (fourfold) but notg
in the brain.” Presumably, catecholamines re-Z
leased from the adrenal medulla contribute tog
maintain the peripheral adrenergic homeosta- ,
sis, but not that in the brain because of theD
blood~brain barrier. ®
The results from the present study show that

2/€!



38
under the conditions of the experiment cyclo-
propane and halothane do not change the NE
Ievel and rate of synthesis in the rat heart. A
few possibilities may be offered to explain
these negative findings. The rat may not re-
spond to cyclopropane or halothane in the
same way as the dog or man. The anesthetic
concentration (dose) used is not high enough
to produce an effect on the adrenergic system,
or perhaps the action of cyclopropane in in-
creasing the plasma and tissue NE levels as
reported * %+ is not a primary drug effect.

The question of species difference can be re-
solved with similar experiments in another spe-
cies, for example, dogs. However, there is no
reason to suspect that the enzyme systems fer
NE synthesis and degradation are radically dif-
ferent among species. This is, of course, sub-
ject to further studies.

Only light anesthesia with a given anesthetic
concentration was studied here. Considera-
tions in providing adequate ventilation make
it impractical to study decper levels of anes-
thesia in a large group of animals. Further-
more, deep anesthesia may result in physio-
logic changes which, in tum, affect the system
under study. Results reported in a previous
paper? concerning the effect of cyclopropane
on NE release illustrate this problem. In dogs
cyvclopropane did not change the pattern of
NE release from the heart when the arteral
pressure was not altered markedly. NE re-
lease increased when there was considerable
hypotension. Increased NE release can be ex-
pected to increase the rate of synthesis. In
any case, cyclopropane and halothane in con-
centration adequate for light anesthesia appear
not to affect the rate of NE synthesis.

Li et al.* explained the increased NE levels
in the dog heart on the basis of increased sym-
pathetic activity. Increased sympathetic ac-
tivity indecd accelerates NE synthesis, but it
has not been reported to increase the tissue
NE level. In the guinea pig vas deferens (in
citro) 38 and in the rat submaxillary gland (in
tito) 1%-2¢ sympathetic nerve stimulation in-
creased the incorporation of radioactive tyro-
sine to NE. NE svnthesis apparently is ac-
celerated through the ratelimiting step of
tyrosine hydroxylation.

Physiologic stresses also increase the rate of
NE synthesis. Exposure to cold,?! > exercise **

NGAI, NEFF,

Anesthesiology

AND COSTA fhrsiclosy

or hypercapnia®® (and Ngai, S. H., unpubg
lished data) are shown to accelerate NE turn3
over in adrenergic tissues, presumably t]u'ouglg_
sympathoadrenal activation.  But, again, Lhen
tissue NE levels do not increase. Therefore—~
the explanation offered by Li et alt for theg
elevated myocardial NE levels scems untenz
able. The question of the source of increasecﬂ
myocardial and plasma NE levels during cy-l,,
clopropane anesthesia is not answered by ourd
cxperiments. A possible source is the adrenaﬂ
medulla. The effect of anesthetics on the tum-ﬂ
over of adrenal NE remains to be studied. g
In respect to the broader question to exy
plain the apparent lack of circulatory depres$
sion by cyclopropane, the action of this agent
on the central regulatory mechanism is st
controversial. In the periphery, eyclopropané
does not appear to affect NE uptake or re:
lease.r Monoamine oxidase activity is not inQ
hibited.> Inhibition of catechol-O-methyltrans=-
ferase by cyclopropane can possibly potentnte':‘
the adrenergic transmitter achon,** but thnsm
effect may be expected to play a minor rola:_
in tivo. In vitro the enzyme activity is m-c.o
hibited to the extent of only 29 per cent in t]le:\
presence of 100 per cent cyclopropane.®* Rc—m
sults of the present study show that cyc]opro-m
pane does not influence NE synthesis in thc(ss
heart and the brain. 3
Cyclopropane-induced change in the recep-§
tor sensitivity thus would seem to be the onlyg
and most likely mechanism to explain the cir-ﬁ
culatory action of this anesthetic. R&sponsesw
of the aortic strip of the rabbit** and the<o
nictitating membrane of the cat®® to cate-\l
cholamines are exaggerated by cvclopropzmeo
Davis et al. found that epinephrine mcreascso
the rate of diastolic depolarization (phase 4)O
in isolated canine Purkinje fibers and that cy-.c
clopropane enhances this response.** In anes-—~
thetized dogs the pressor effect of norepmeph‘<
rine is potentiated about twofold by cyclopro-g
pane (Ngai, S. H., unpublished data). This2
action of cyclopropane has been observed withS
other “receptor” systems, in that it increasesgs
the skeletal muscle responses to indirect and<
direct stimulation.?s The biochemical basis foro
this change in receptor sensitivity should be ofm
some interest. r§
During halothane anesthesia kyg in the
brain was significantly lower than the control
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value (table 3). This difference may be more
apparent than real, because the rates of NE
synthesis were approximately the same. The
increase in the brain NE level was statistically
significant (P < 0.03), but in terms of magni-
tude, it was about equal to that seen during
cyclopropane anesthesia.  Halothane may in-
terfere with NE release from central adre-
nergic neurons—the turnover time is signifi-
cantly longer; or, central depression during
anesthesia may allow accuinulation of NE.
Available data preclude further speculation in
this area.

The brain:plasma ratio of tyrosine specific
activity was lower with halothane anesthesia
(table 1). Since this amino acid is actively
transported from plasma to brain, halothane
could inhibit tyrosine transport. Further stud-
ies may be warranted to examine the possible
effects of anesthetics on the transport of amino
acids or other biological substrates. However,
it should be pointed out that in the tissue tyro-
sine has many metabolic pathways in addition
to NE synthesis: for example, protein synthe-
sis. Only a small and unknown fraction of the
total tissue tyrosine, the fraction concerned
with NE synthesis, is present in the adrenergic
neurons and nerve terminals. In any case, data
reported in tables 2 and 3 suggest that anes-
thetics, as represented by cyclopropane and
halothane, do not affect the enzyme systems
involved in the synthesis of NE.

The skillful assistance of Miss Sonja Lofstrandh
is greatly appreciated. e are also grateful to
Dr. Carl C. T. Wang (Medical Instrumentation
Laboratory, Columbia University) for his help in
developing the mathematical equations.
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Muscle

METHOXYFLURANE Muscular relaxation caused by methoxyflurane was tested
by its effect on electromyographic reflexes. The tibial nerve, which carries afferent
and efferent fibers, was stimulated. This produces a quick and direct muscular re-
sponse via the neuromuscular synapse (potential A) and a reflex via the spinal cord
(potential B). During general anesthesia with methoxyflurane, potential A was not
influenced while potential B was decreased and finally disappeared. (Droh, R., Soll-
berg, G., and Gotlaid, A.: Electrophysiological Incestigations of the Muscle-relaxing
Effects of Methoxyflurane, Der Anacesthesist 17: 51 (Feb.) 1968.)

MUSCLE PAIN Postoperative muscle pain occurred in 104 of 500 patients fol-
Iowing the use of succinylcholine. Pain occurred more frequently in women than in
men. The highest incidence occurred in patients between 14 and 40 years of age.
There is no direct relation between the amount of succinylcholine used and the inci-
dence of pain. Neostigmine, 0.5 mg three times a day, caused a significant decrease
in muscle pain. No explanation is available for this effect. (Brochert, K.: The Prob-
lem of Muscle Pain after Succinylcholine, Der Anaesthesist 17: 189 (June) 1968.)
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